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DURABILITY INVESTIGATION OF A ONE-QUAR!ER-SECTOR COMBUSTOR 

AT HIGH VALUES OF I.NU3T-ALR PRESSURE AND TEDLPIGWTURE" 

By Je r ro ld  D. Wear 

SUMMARY 

The performance of an experimental one-quarter-sector annular com- 
bus tor  w a s  determined a t  conditions of high i n l e t - a i r  pressure and tem- 
pera ture .  These conditions a r e  representat ive of those  t h a t  may be en- 
countered i n  high-pressure-rat io  turbojet  engines during takeoff  and low- 
a l t i t u d e ,  high-speed f l i g h t .  The combustor l i n e r  w a s  comprised of chan- 
ne l s  t h a t  were overlapping i n  construction and independently supported. 
This type of construct ion w a s  aimed at  providing a s t r u c t u r a l l y  s t rong  
and r e l a t i v e l y  cool operat ing l i n e r .  

The inlet-air and combustor reference dynamic pressures  were he ld  
a t  nominal values of 114  pounds per square inch and 50 pounds pe r  square 
foo t ,  respec t ive ly .  An average exhaust-gas temperature of about 2000' F 
w a s  maintained 
1400' F .  
f a i l u r e s  occurred where two t abs  ( s m a l l  f l a t  pieces  of metal a t tached t o  
the  support b o l t s  t h a t  hold the  ch nnels) pu l led  away from t h e  support 

two channels were burned and warped t o o  badly f o r  reuse; a l l  o ther  p a r t s  
of t h e  corrtbustor remained i n  good condition. Be t t e r  welding of the  tabs 
t o  t h e  support b o l t s  may prevent t h i s  type of f a i l u r e .  Further  increases  
i n  operat ing seve r i ty  were obtained by gradually increasing the  exhaust- 
gas temperature from 2000' to 2500' F. During approximately 20 hours of 
operat ion a t  these  conditions,  one t a b  f a i l e d  and permit ted two channels 
t o  hang i n t o  the  combustion zone. 
t h e  channels on the  short-radius  s ide  and warping of t h e  p i l o t  sec t ion .  
The channels on t h e  long-radius s ide  showed l i t t l e  or no e f f e c t s  from 
these  tes t s .  Increasing the  exhaust-gas temperature from 2000' t o  2500' F 
caused an increase i n  coke deposi ts  i n  t h e  p i l o t  sec t ion  t h a t  became heavy 
enough t o  d is rupt  t h e  f u e l  spray pa t te rn .  

while t he  i n l e t  temperature w a s  var ied from 900° t o  
During approximately 2 1  hours of operation, t h e  only s t r u c t u r a l  

b o l t s  and permitted two channels t o  7 drop i n t o  t h e  combustion zone. These 

There a l s o  w a s  considerable warping of 

*Tit le ,  Unclassif ied.  
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INTRODUCTION 
< 

High airf lows per  u n i t  f r o n t a l  a rea  and high operat ing temperature 
a i d  i n  achieving t h e  decreased spec i f i c  engine weight necessary f o r  high 
f l i g h t  speeds and a l t i t u d e s .  These conditions require  engine components 
t o  function under g rea t e r  mechanical and thermal stresses. 

Previous inves t iga t ions  a t  t h e  NASA Lewis labora tory  demonstrated 

Operating 
cer ta in  combustor design p r inc ip l e s  f o r  operation a t  conditions represen- 
t a t i v e  of h igh-a l t i tude ,  high-speed f l i g h t  ( r e f s .  1 and 2 ) .  
conditions r e su l t ed  i n  combustor pressures  between 2/3 and 12 atmospheres, 
outlet-gas temperature of about 2000' F, and i n l e t - a i r  reference veloci-  
t i e s  as high as 200 f e e t  per  second. 

3 

Invest igat ions reported i n  reference 3 showed t h a t  combustor l i n e r s  
s imilar  t o  t h e  types described i n  references 1 and 2 were not s u f f i c i e n t l y  . 
durable t o  withstand t h e  increased mechanical and thermal s t r e s s e s  imposed 
by conditions required at takeoff  and low-alt i tude,  high-speed f l i g h t .  
A s  shown by t h e  da ta  of reference 4, increasing t h e  i n l e t - a i r  temperature 
from 200° t o  860° F (660° F increase)  caused increases i n  l i n e r  metal 
temperatures varying from 1000° t o  1550' F; the  i n l e t - a i r  pressure,  r e f -  
erence ve loc i ty ,  and exhaust-gas average temperatures were he ld  constant .  
The combustor f a i l u r e s  reported i n  reference 3 l e d  t o  a design t h a t  main- 
ta ined s a t i s f a c t o r y  performance l e v e l s  at h igh-a l t i tude ,  high-speed fl ight 
conditions and, i n  addi t ion,  had good d u r a b i l i t y  at t h e  high-pressure, 
high-temperature condi t ion.  The l i n e r  p a r t s  were segmented i n  both axial 
and circumferential  d i r ec t ions  and were supported by t h e  outer  housing. 
Considerable cool ing-air  passage area through these  segments w a s  provided 
t o  m a i n t a i n  moderate metal temperatures.  
t o  expand f r e e l y  t o  minimize s t r e s s e s  due t o  thermal grad ien ts .  

v 

Individual  pieces  were allowed 

Results of an inves t iga t ion  t o  determine t h e  s t r u c t u r a l  d u r a b i l i t y  
of t he  bes t  configuration described i n  reference 3 a t  more severe combus- 
t o r  pressures and temperatures a r e  reported here in .  I n l e t - a i r  and 
exhaust-gas temperatures were var ied  at constant values of combustor- 
i n l e t  s t a t i c  and dynamic pressures .  Other da t a  a r e  included t o  show a 
few (random) combust ion e f f i c i e n c i e s  , exhaust temperature p r o f i l e s  , and 
pressure l o s s e s .  Most of t h e  data ,  however, a r e  intended t o  ind ica te  the  
s t r u c t u r a l  condition and poin ts  of f a i l u r e .  

APPARKTUS AND INSTRUMENTATION 

Combustor and I n s t a l l a t i o n  

The combustor t es t  sec t ion  was connected t o  t h e  labora tory  air  f a c i l -  
A s  described i n  reference 3, i t i e s  as shown diagrammatically i n  f i g u r e  1. 

t h e  in l e t  combustion a i r  w a s  heated by a counterflow tube hea t  exchanger. 
.) 
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A t  t h e  a i r f low conditions required f o r  the  present  program, however, t h e  
maximum a i r  temperature t h a t  could be obtained was about 500° t o  700° F 
below t h e  values des i r ed .  Therefore, a d i r e c t - f i r e d  hea te r  w a s  i n s t a l l e d  
i n  t h e  i n l e t  closure piece of t h e  test combustor ( f i g .  2 ) .  
t h i s  hea t e r  a t  various fuel-flow values, i n  conjunction with t h e  heat 
exchanger, Fade it poss ib le  t o  obta in  the des i red  combustion-air tempera- 
t u r e s .  
haust products and excess a i r  were then f ed  d i r e c t l y  t o  t h e  t e s t  combus- 
t o r .  
about 80 percent blockage of t h e  pipe area, w a s  l oca t ed  i n  t h e  f lange  
j u s t  upstream of t h e  i n l e t  t r a n s i t i o n  ( f i g .  3 )  t o  smooth out i r r e g u l a r i -  
t i e s  i n  t h e  a i r  temperature and velocity p r o f i l e .  The a i r  q u a n t i t i e s  
were metered by an o r i f i c e  p l a t e  i n s t a l l ed  according t o  ASME spec i f i ca t ions .  

Operation of 

A l l  t h e  a i r  passed through t h e  d i r ec t - f  i r e d  hea ter ,  and t h e  ex- 

A punched p l a t e  containing 460 holes (1/4-in. d i m . ) ,  which gave 

The combustor housing (same one as described i n  r e f .  3) and i n l e t  
and o u t l e t  ducting a r e  shown i n  f igu re  3. The housing w a s  a one-quarter 
s ec to r  of a s ing le  annular combustor with an outs ide  diameter of 2% 
inches, an ins ide  diameter of 1% inches, and a ccmbustion length  of 
about 2 3  inches. Other dimensions a re  given i n  f i g u r e  3. I n l e t  and 
o u t l e t  ducting simulated t h e  a i r f low passage of  a p a r t i c u l a r  f u l l - s c a l e  
engine having an axial-flow compressor and t u r b i n e .  

3 

The combustor housing and exhaust-gas instrumentation sec t ion  were 
immersed i n  a water ba th  ( f i g .  1) i n  which t h e  water temperature w a s  
kept below the boiling point. This type of cooling, as compared with 
air-cooling, allowed a considerable.reduction in weight and c6s t  of these 
spec ia l  shaped p ip ing  sec t ions ,  s ince  they were designed t o  withstand 
gas pressures of 450 pounds per square inch and gas temperatures of 
2500° F. 
inner  l i n e r  of 3/32-inch-thick Inconel metal, so t h a t  t h e  exhaust-gas 
thermocoupl.es would not "see1' t h e  cooled w a l l s .  
ou t e r  annular converging sec t ions  of the housing were each covered with 
a replaceable l i n e r  or heat sh ie ld .  These l i n e r s  prevented t h e  hot 
gases from ibpinging d i r e c t l y  on t h e  cooled w a l l s  (zone E, fig. 3 ) .  

The exhaust instrumentation sec t ion  ( f i g .  3) had a replaceable 

The exhaust inner and 

Combustor Liner 

The combustor l i n e r  used w a s  e s sen t i a l ly  t h e  same as t h e  one desig- 
nated configuration 20 in reference 3 .  A cutaway schematic of t h e  type 
of construction i s  presented i n  f igu re  4, and a photograph of t h e  l i n e r  
i n  t h e  housing i s  shown i n  f igu re  5 (looking upstream). 

The inner and outer  walls ( s h o r t  and long rad ius ,  respec t ive ly)  of 
t h e - l i n e r  were made up of individual par t s  designated as channels. 
channel was made up of short  lengths welded toge ther  i n  an overlapping 
fashion with two longi tudina l  spacers between each length .  
i n  a s t e p - s t r i p  type of construction. The channels were independently 

Each 

This r e su l t ed  



\ 
\ 

4 

supported by the  outer  walls,  as shown i n  f igu res  3 and 4 by t h r e e  rows 
of b o l t s .  Each channel was loose ly  held a t  each end and was not anchored 
t o  t h e  p i l o t  sec t ion  o r  downstream heat  sh i e ld .  
such that the  r a d i a l  d i s tance  between t h e  inner  and outer  l i n e r  w a l l s  
could be adjusted t o  des i red  values.  

The mounting b o l t s  were 

The main difference between configuration 2 0  and t he  combustor used 
f o r  the  current  inves t iga t ion  w a s  t h e  p i l o t  sec t ion  (zone B, f i g .  3 ) .  
I n  configuration 20, t he  annular p i l o t  sec t ion  w a s  composed of two one- 
e ighth sectors  bol ted t o  the  f u e l  manifold ( f i g .  l l ( a ) ,  r e f .  3 ) ;  t h r e e  
f u e l  nozzles were evenly spaced i n  each one-eighth sec to r .  
sect ion w a s  a s ing le  one-quarter sector ,  i n  which s i x  f u e l  nozzles were 
evenly spaced ( f i g .  5 ) .  The inner  and outer  w a l l s  of t h e  p i l o t  sec t ion  
were composed of overlapping segments welded t o  supports between each 
segment. A l l  p a r t s  of t h e  p i l o t  sec t ion  and t h e  l i n e r  channels were made 
of 1/16-inch-thick Inconel metal .  

The new p i l o t  

Six duplex nozzles were used f o r  f u e l  i n j ec t ion  and a r e  diagrammatic- 
a l l y  shown i n  f igures  3 and 4 .  These nozzles were designed t o  provide 
an atomized spray over t h e  complete range of f u e l  flows required.  Each 
nozzle had both s m a l l -  and la rge-s lo t  systems. The sma l l  s l o t s  gave good 
atomization a t  low values of f u e l  flow; the  l a rge  s l o t s  permitted high 
flows a t  moderate values of f u e l  pressure.  The f u e l  manifold w a s  s p l i t  
i n t o  two passages so that  t h e  small-s lot  and l a rge - s lo t  systems of t he  
nozzles were fed  f u e l  independently, but  each nozzle s l o t  system did not 
receive f u e l  independently of t h e  other  nozzles (zone A, f i g .  3 ) .  

Instrumentat ion 

The combustor instrumentation s t a t i o n s  a r e  shown i n  f igu re  3. The 
i n l e t - a i r  temperature w a s  measured a t  s t a t i o n  1 by four  closed-end 
Chromel-Alunel thennocouples . Location of t h e  temperature- and pressure- 
measuring devices i n  the  i n l e t  ducting i s  shown i n  f igu re  6 .  I n l e t  ve- 
l o c i t y  pressures were measured a t  t he  same s t a t i o n  with f i v e  rakes,  each 
having four to ta l -pressure  tubes.  The tubes were connected t o  s t r a i n  
gages tha t  were balanced by w a l l  s t a t i c -p res su re  t aps  at s t a t i o n  1. Ve- 
l o c i t y  pressure readings from t h e  s t r a i n  gages were recorded on a s t r i p -  
char t  recorder.  The w a l l  s t a t i c  taps  were a l s o  connected t o  s t r a i n  gages 
t h a t  were connected t o  automatic balancing potentiometers.  

Combustor-outlet temperatures and pressures  were measured at s t a t i o n  
2 with a polar-coordinate t r ave r s  ing-probe mechanism that made f i v e  c i r -  
cumferential sweeps a t  r a d i a l  centers  of equal a reas .  The loca t ions  of 
these  sweeps a re  shown i n  f igu re  7 .  A similar probe mechanism i s  
described i n  reference 5. The probe had two measuring elements: a sonic 
aspirat inc- type platinwn-lL% rhodium - platinum thermocouple and a t o t a l -  
pressure tube .  A s t r a i n  gage indicated t h e  d i f fe rence  between the  t o t a l  
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pressure sensed a t  t h e  probe end and the t o t a l  pressure measured at  t h e  
combustor i n l e t ;  t h e  d i f fe rence  was  considered t o  be t h e  to t a l -p re s su re  
drop across t h e  combustor system. 
e t e r  recorded a continuous t r a c e  of the temperatures and pressure drop 
during circumferent ia l  motion of t he  probe. A photograph of t he  probe 
sensing-head d e t a i l  i s  shown i n  f igure  5 of reference 3. 

An X-Y automatic-balancing potentiorn- 

Fuel 

The f u e l  used i n  t h e  invest igat ion w a s  MIL-F-5624CJ grade Jp-5 
(NACA 56-66).  
sented i n  t a b l e  I .  

Some physical  and chemical p rope r t i e s  of t h e  f u e l  a r e  pre-  

PROCEDURE 

Data were taken a t  the  nominal combustor t e s t  conditions given i n  
t a b l e  11. 
on t h e  maximum cross-sect ional  area of t he  combustor housing (B-B, f i g .  
3 )  and on combustor i n l e t - a i r  dens i ty  ( ca l cu la t ed  from i n l e t  t o t a l  
p re s su re ) .  

I n l e t - a i r  reference ve loc i t i e s  and dynamic pressures  a r e  based 

I n l e t  condition A corresponds approximately t o  an engine with a 
pressure r a t i o  of 8 a t  Mach 2 . 5  and 35,000 f e e t .  
e f f e c t i v e l y  increased by increases i n  i n l e t - a i r  and exhaust-gas 
temperatures.  

The seve r i ty  w a s  then 

The various t e s t  conditions were used i n  t h e  same order  as given i n  
t a b l e  11. 
t e s t  conditions;  however, when possible,  t h e  combustor w a s  operated f o r  
longer periods of t ime. For example, the  combustor w a s  operated a t  t h e  
f i r s t  condi t ion ( A )  f o r  a period of 2 hours. The combustor l i n e r  w a s  
then examined t o  determine i f  any f a i l u r e  occurred. If t h e  l i n e r  condi- 
t i o n  vas good, t he  next condition w a s  used. I n  some cases when the re  
w a s  a small f a i l u r e ,  t h e  p a r t  w a s  repaired o r  replaced; and t h e  combustor 
w a s  then operated at t h e  next condition. The combustor was operated a t  
each condition f o r  periods from 2 t o  4 hours.  

A minimum run time of 2 hours w a s  a r b i t r a r i l y  used f o r  t h e  

Combustor to ta l -pressure  losses ,  o u t l e t  temperature p r o f i l e s ,  and 
combustion e f f i c i enc ie s  were determined a t  a f e w  of t h e  condi t ions.  The 
l a rge  amounts of soot  o r  smoke i n  t h e  exhaust gases would sometimes plug 
t h e  sonic probe before  complete da ta  were taken.  Also, i n  some cases, 
very higB l o c a l  exhaust-gas temperatures (>  3100' F)  caused probe f a i l u r e  
before  a l l  da t a  were obtained. 
ure  a t  some of t h e  conditions,  the  fue l  flow necessary f o r  t h e  des i red  
average exhaust temperature w a s  calculated from an assumed combustion e f -  
f i c i ency  of 97 percent and the  desired i n l e t  and exhaust temperatures.  

Because of t h i s  p o s s i b i l i t y  of probe fa i l -  
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Combustion e f f i c i ency ,  when computed, w a s  ca lcu la ted  as t h e  r a t i o  of t h e  
measured enthalpy r i s e  from i n l e t  t o  o u t l e t  instrumentation planes t o  t h e  
enthalpy added by t h e  f u e l .  The out le t -gas  enthalpy w a s  determined, when 
possible,  from t h e  average out le t -gas  temperature, which w a s  obtained 
from the  c i rcumferent ia l  t r a c e s  a t  each of t h e  f i v e  r a d i i .  Values at 2 O  
i n t e rva l s  on t h e  c i rcumferent ia l  t r a c e s ,  or a t o t a l  of 215 temperatures, 
were averaged f o r  each d a t a  po in t .  

% 

Oxygen Nitrogen 
and 

i n e r t s  

20.95 79.02 

19.93 78.87 

17.79 78.1.6 

The combustion i n l e t  air  w a s  heated t o  approximately 700' F by t h e  
hea t  exchanger ( f i g .  1) f o r  a l l  t h e  tes ts .  
2) w a s  then operated t o  b r ing  t h e  temperature on up t o  t h e  des i red  values, 
which required increases from 200° t o  700° F. The combustion e f f i c i ency  
of t h e  d i r ec t - f i r ed  hea te r  var ied  from about 97 t o  100 percent .  Assuming 
complete combustion, t h e  following t a b l e  gives t h e  ca lcu la ted  gas compo- 
s i t i o n  (percent by volume) en te r ing  t h e  t e s t  combustor a t  t h r e e  d i f f e r e n t  
conditions : 

The d i r e c t - f i r e d  hea te r  ( f i g .  

Carbon Water 
dioxide vapor 

0.03 -- 

.61 0.59 

2.06 1.99 

Temper at ure 
increase added 

by d i r e c t -  
f i r e d  hea ter ,  

OF 

0 

2 00 

7 00 

To determine whether t h i s  change i n  composition would g rea t ly  a f f e c t  
t h e  calculated combustion e f f i c i ency  of t h e  t e s t  combustor, a sample s e t  
of da t a  w a s  ca lcu la ted  twice by assuming minimum and maximum contarrina- 
t i o n .  The assumption of maximum contamination caused t h e  ca lcu la ted  e f -  
f ic iency  t o  change from 98 t o  101 percent.  Because t h e  e f f e c t  w a s  small, 
and a l so  s ince  d u r a b i l i t y  considerations were t h e  w i n  objec t  of t h e  t e s t  
program, a l l  combustion-efficiency ca l cu la t ions  were made with zero con- 
tamination assumed. 

RESULTS AND DISCUSSION 

Results of t e s t s  a t  high i n l e t - a i r  p ressure  and temperature on t h e  - 
s t r u c t u r a l  d u r a b i l i t y  of a one-quarter-sector annular combustor a r e  pre- 
sented i n  t h i s  s ec t ion .  Additional d a t a  on o the r  performance character-  
i s t i c s  are a l s o  shown. The d u r a b i l i t y  r e s u l t s  include seve ra l  photographs 
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of t h e  l i n e r  - with coke deposits - i n  t h e  combustor housing (looking 
upstream toward t h e  f u e l  nozzles) and remarks about t h e  phys ica l  condi- 
t i o n  of t h e  combustor a f t e r  operation a t  t h e  s e v e r a l  i n l e t  condi t ions .  
Limited performance data a re  presented i n  table  I11 and i n  seve ra l  graphs. 

S t r u c t u r a l  Durabili ty 

The condition of t h e  l i n e r  p a r t s  a t  t h e  beginning of t h e  t e s t s  i s  
shown i n  f igu re  5.  How- 
ever, a l l  t h e  channels had been used to  obta in  d a t a  repor ted  i n  re ference  
3 (approx. 2 0  hours of operation a t  conditions similar t o  condition A - 
725' a i r  temperature ins tead  of 900° F ) .  

The p i l o t  sec t ion  had not been previously used. 

I n  t h e  following discussion, only t h e  values of i n l e t - a i r  tempera- 
t u r e ,  intended average exhaust temperature, and run time a r e  given with 
t h e  discussion of any p a r t i c u l a r  i n l e t  condition. 
va r i ab le s  f o r  each i n l e t  condition i s  t h e  same as t h a t  given i n  d e t a i l  
f o r  condition A.  

The order of t hese  

In le t -condi t ion  A.  - 

I n l e t - a i r  temperature, OF . . . . . . . . . . . . . . . . . . . . .  900 

Intended average exhaust temperature, OF . . . . . . . . . . . . .  2000 
Run time a t  condition, hr:min . . . . . . . . . . . . . . . . . . .  2:OO 

The condition of t h e  channels and p i l o t  s e c t i o n  w a s  good; no cracks 
or warping were observed. 
p ro t ec to r  p l a t e  ( f i g .  4 )  between t h e  nozzles nea res t  t h e  w a l l s .  
cleaning o r  changes were made f o r  operation a t  t h e  next condition. 

There w a s  some coke buildup on t h e  nozzle 
No 

Information from reference  3 indicated t h a t  operation at  a condition 
s i m i l a r  t o  A w a s  generally coke-free. 
1/8-inch t h i c k  would form on t h e  nozzle p l a t e  bu t  none on t h e  p i l o t -  
s ec t ion  w a l l s  or t he  channels. 

I n  some cases formations 1/16- t o  

In le t -condi t ion  B .  - 1000; 2000; 3:55 

The channels were i n  good condition, although some of t h e  t a b s  (small 
f l a t  pieces of metal attached t o  the support b o l t s  t h a t  hold t h e  channels, 
f i g .  5) were warped somewhat. The f l a t  s ides  of t h e  p i l o t  s ec t ion  were 
warped inwards a small amount. There w a s  considerable more coke on t h e  
nozzle p l a t e  near t h e  ends. No cleaning o r  changes w e r e  Fade. 

In le t -condi t ion  C .  - 1100; 2000; 3:45 

The combustor had been operated a t  t h e  t es t  condition f o r  about 3 
hours when t h e r e  w a s  a decrease i n  the pressure  drop across t h e  combustor. 
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A temperature-pressure survey w a s  s t a r t e d ,  and about halfway through t h e  
second radius ( f i g .  7 )  t h e  gas temperature increased sharply t o  above 
3100° F and t h e  thermocouple f a i l e d .  The t e s t  w a s  stopped, and inspect-  
t i o n  showed one zone-C channel ( f i g .  3 )  hanging down i n t o  t h e  combustion 
a r e a  and a zone-D channel gone a l toge the r .  Both were from t h e  shor t -  
rad ius  side or inner w a l l .  Photographs taken of t h e  l i n e r  ( f i g .  8)  show 
t h a t  the  t abs  had come off two of t he  support b o l t s .  
which had been welded t o  t h e  b o l t s ,  looked as i f  t h e  metal had t o r n  away 
from around t h e  weld ins tead  of t h e  weld f a i l i n g .  The o ther  channels 
seemed i n  good condition. Some of t h e  welds holding t h e  p i lo t - sec t ion  
s t eps  had broken, and t h e  s t eps  were warped. 

% 

The f a i l e d  t abs ,  

F 
nozzle p l a t e  w a s  smaller than at  t h e  beginning of t h e  t e s t .  rp 

rp 
c\) 

The amount of coke on t h e  

Since o ther  t abs  (0.031-inch-thick Inconel metal)  showed some warp- 
ing, a l l  were removed from t h e  support b o l t s  and replaced with t a b s  made 
from 0.043-inch-thick Inconel metal. .I 

Two new channels were i n s t a l l e d ,  t h e  welds were repa i red  on t h e  
p i l o t  section, and most of t h e  coke w a s  removed. 

Inlet-condition D .  - 1200; 2000; 3:OO 

Channels and p i lo t - sec t ion  s t eps  were i n  good condition; however, 
t h e  f l a t  ( o r i g i n a l l y )  s ides  of t h e  p i l o t  s ec t ion  were warped more than 
be fo re .  There w a s  a considerable amount of coke a t  t h e  ends of t h e  noz- 
z l e  p l a t e .  No cleaning o r  changes were made. 

In le t -condi t ion  E .  - 1300; 2000; 4:OO 

Channels and p i l o t  s ec t ion  appeared t o  be i n  good condition. There 
w a s  a large amount of coke on t h e  nozzle p l a t e  around t h e  nozzle on t h e  
l e f t  side (looking upstream). No cleaning or changes were made. 

In le t -condi t ion  3'. - 1400; 2000; 4:OO 

A photograph ( f i g .  9)  w a s  taken of t h e  l i n e r  a f t e r  operation a t  con- 
d i t i o n  F. There were no warped channels or broken t abs ,  although some 
welds on t h e  s i d e  of one channel (center  of long rad ius ,  zone C )  had 
broken. There w a s  considerable warping of some of t h e  p i l o t - s e c t i o n  
s t eps ,  and t h e  s ides  were warped inwards more than  before .  
f i g u r e  9 with f igu res  5 and 8 show more space between p i l o t  sec t ion  and 
channels at both  t h e  shor t -  and long-radius s i d e s .  There w a s  a l a r g e  
amount of coke on t h e  nozzle p l a t e  around t h e  nozzle on t h e  l e f t  s i d e .  

Comparison of 

The p i l o t - s e c t i o n  s t eps  and s ides  were s t ra ightened ,  s t eps  of t h e  
one channel were rewelded, t h e  spacing between t h e  p i l o t  s ec t ion  and 
channels was adjusted t o  o r i g i n a l  values, and t h e  coke w a s  cleaned ou t .  

Conditions A t o  F cons i s t  of nominal exhaust-gas temperature of 
- 

2000° F, while t h e  i n l e t - a i r  temperature w a s  increased from 900' t o  

C WIFIED 
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1400° F. 
12000 F, $nile t h e  exhaust-gas temperature w a s  increased from 2200' t o  
2500° F . 

Conditions G through J are a t  a constant i n l e t  temperature of 

In le t -condi t ion  G.  - 1200; 2200; 3:30 

Channels and p i l o t  s ec t ion  appeared t o  be i n  good condition. Pa r t  
of t h e  nozzle p l a t e  between t h e  two left-hand nozzles had burned away. 
The coke deposits on t h e  p l a t e  were small. N o  cleaning or changes were 
made. 

The low-deposit r e s u l t  was inconsistent with r e s u l t s  of t h e  o the r  
tests,  although a higher exhaust-gas temperature had been used. 
t o  determine if  t h e  value w a s  pecul ia r  t o  t h e  condition o r  perhaps t h e  
coke formation had broken away j u s t  before shutdown, t h e  condition w a s  
repeated. 

I n  order 

In le t -condi t ion  G .  - 1200; 2200; 3:15 

The pressure drop across t h e  combustor decreased suddenly a f t e r  
about 3 hours of operation. A temperature-pressure survey w a s  s t a r t e d ;  
about halfway through t h e  f i r s t  radius t h e r e  w a s  a r ap id  increase i n  
temperature t o  above 3100° F (recording instrwnent maximum), and t h e  
thermocouple f a i l e d .  
come off a support b o l t  i n  t h e  middle row of t h e  shor t - rad ius  s i d e  and 
permitted both C- and D-zone channels t o  hang down i n t o  the gas stream. 
Both were burned t o o  badly f o r  reuse .  

Inspection a f t e r  shutdown showed t h a t  a t a b  had 

There w a s  a l a rge  amount of coke on t h e  nozzle p l a t e ;  t h i s  ind ica ted  
t h a t  probably during t h e  f irst  t e s t  the coke deposits had broken away 
j u s t  before t h e  t e s t  w a s  stopped. 

The two channels were replaced with ones t h a t  had been previously 
used, and a new support b o l t  w a s  i n s t a l l e d .  The coke w a s  cleaned out of 
t h e  p i l o t  sec t ion ,  and some s l i g h t l y  warped s t eps  were s t ra ightened .  

In le t -condi t ion  H. - 1200; 2300; 3 :OO 

A photograph ( f i g .  10) was taken o f  t h e  l i n e r  a f t e r  operation a t  

It had bridged over s eve ra l  of t h e  nozzles. 
condition H .  The coke formation w a s  heavier than it had been f o r  any of 
t h e  previous conditions.  
The burned hole i n  t h e  nozzle p l a t e  had enlarged enough t o  reach t h e  noz- 
z l e  ho le .  The p i l o t  sec t ion  had a weld broken on one of t h e  s t e p s .  
zone-D channel, sho r t  radius second from r i g h t ,  had bent o r  sagged a 
s m a l l  amount. 
a t  t h e  end of t h e  bent-over s ide  pieces ( t h e  channel c ross  sec t ion  changes 
from a U-shape t o  f l a t ) .  
s t e p  w a s  rewelded, and t h e  coke was cleaned ou t .  A new nozzle p ro tec to r  
p l a t e  w a s  i n s t a l l e d .  

A 

The f a i l u r e  had taken place on a f l a t  p a r t  of t h e  channel 

The channel w a s  s t ra ightened ,  t h e  p i l o t - s e c t i o n  
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Inlet-condition I. - 1200; 2400; 4:30 

The combustor was operated a t  t h e  t e s t  condition f o r  about 11 hours 
and then shut down because of e l e c t r i c a l  power f a i l u r e .  Channels and 
p i l o t  section appeared t o  be i n  good condition; t he re  w a s  a l a r g e  f o r m -  
t i o n  of coke near t h e  center  of t h e  nozzle p l a t e .  This w a s  removed, and 
only a small amount remained on t h e  p l a t e .  

I 
$ 1  

4 

The combustor w a s  then operated at the  same conditions f o r  an addi- 
The coke depos i t s  on t h e  nozzle p l a t e  were l a r g e r  than  1 t i o n a l  % hours. 

those shown i n  f igu re  10. There were no bent or warped channels, a l -  
though the  r i g h t  s ide  of t h e  p i l o t  s ec t ion  w a s  warped inwards a consider- 
ab le  amount. The l a rge  coke formations were removed; no o the r  changes 
were made. 

In le t -condi t ion  J. - 1200; 2500; 3:15 

A photograph of t h e  l i n e r  i s  shown i n  f i g u r e  11. There w a s  a l a r g e  
amount of coke on t h e  nozzle p l a t e ;  some of it extended downstream near ly  
t o  t h e  end of t h e  p i l o t  s ec t ion .  A sagging o r  bend i n  a zone-D channel, 
sho r t  radius, can be seen. This f a i l u r e  occurred, as before,  on a f l a t  
sec t ion  of t h e  channel. The middle two channels were bent more than t h e  
ou te r  two. It can a l s o  be seen t h a t  some of t h e  t a b s  were bent a con- 
siderable amount. The channels on t h e  long-radius s ide  appeared genera l ly  
t o  be i n  good condition. Some of t h e  channels i n  zone C had s t eps  t h a t  
were raised o r  warped somewhat. The space between the  p i l o t  s ec t ion  and 
channels had increased from t h e  o r i g i n a l  spacing. Two of t h e  s t eps  i n  
the  p i l o t  s e c t  ion were warped. 

A l l  t h e  channels on t h e  short-radius s i d e  were s t ra ightened ,  and t h e  
one tha t  had bent or warped t h e  most w a s  replaced with a new one. The 
p i l o t  -section s t eps  were s%raightened, and t h e  spacing with t h e  channels 
was adjusted t o  t h e  o r i g i n a l  spacing. All t h e  coke w a s  cleaned out of 
t h e  p i l o t  s ec t ion .  

Since t h e  coke deposits always seemed t o  have s t a r t e d  buildup on t h e  
nozzle p l a t e ,  it was  removed for t h e  next t e s t .  The nozzles were about 
1 /4  inch behind t h e  p l a t e ,  which kept t h e  nozzle f ace  o r  t i p  out of t h e  
combustion zone. 
nozzle body extended in to  t h e  combustion zone. 

With t h e  p l a t e  removed, however, about 3/4 inch of t h e  

In le t -condi t ion  K. - 1400; 2500; 3:00 

A photograph of t h e  l i n e r  i s  shown i n  f i g u r e  1 2 .  There were no 
broken tabs  o r  channels. However, a l l  four  shor t - rad ius  channels (zone 
D >  were bent o r  sagged down. 
back of t h e  p i l o t  sec t ion  and were bridged over a l l  t h e  nozzles. 

The coke depos i t s  completely f i l l e d  t h e  
One - 
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formation extended out pas t  t h e  p i l o t  section. 

condition. Figure 12 (c )  shows t h e  p i l o t  s ec t ion  with t h e  coke removed. 
There w a s  a considerable amount of warpage of some of t h e  p i l o t - s e c t i o n  
s t eps .  The coke deposits adhered t o  the p i l o t  s ec t ion  much more secure ly  
than when t h e  nozzle p l a t e  w a s  i n s t a l l ed .  

Except f o r  a small amount .- of warping of some of t h e  s teps ,  t h e  long-radius channels were i n  good 

Performance Charac te r i s t ics  

A f e w  da t a  on temperature p ro f i l e s ,  combustor pressure  drop, and 
combustion e f f i c i e n c i e s  a r e  given i n  t ab le  111. 

Temperature p r o f i l e s .  - Figure 13  i s  a p l o t  of exhaust-temperature 
p r o f i l e s  o r  pa t t e rns  obtained during operation a t  conditions C and F .  
Also shown i s  t h e  average of any one p r o f i l e  p l o t t e d  aga ins t  i t s  d is tance  
from, t h e  inner w a l l  or short-radius side of t h e  exhaust instrumentation 

CI 

sec t ion .  The loca t ion  of t he  p r o f i l e s  or probe paths i s  shown i n  f igu re  
5 -  7. 
2 
N 
H I 
3 

The combustor had been operated f o r  about 7 hours (conditions A, B, 
and p a r t  of C) when t h e  d a t a  of f igu re  13(a)  were obtained. The average 
temperature f o r  t h i s  run w a s  1857' F (desired 2000' F)  with a maximum of 
2260° F recorded. It appears t h a t  some warping had taken  p lace ,  permit- 
t i n g  an increase of d i l u t i o n  air near the center  of t h e  short-radius s ide  
As  described previously,  it was dqring operation at this  condi t ion that 
two r igh t - cen te r  short-radius channels had come loose ( f i g .  8 ) .  
poss ib le  t h a t  some f a i l u r e  had already taken place when t h e  d a t a  were 
taken. 

It i s  

Coke w a s  cleaned f r o m t h e  combustor, and t h e  damaged p a r t s  were r e -  
placed. The da ta  of f igu re  13(b)  w a s  obtained after about 1 3  more hours 
of operation (conditions D, E, and p a r t  of F ) .  
temperature of 2031' F w a s  obtained (desired 2000' F)  with a maximum re- 
corded temperature of 2410° F. The sharp decrease i n  temperature of t h e  
number 1 p r o f i l e  a t  20° r i g h t  (probe sweep) ind ica tes  an increase i n  d i -  
l u t i o n  a i r  along t h i s  path r a t h e r  than a blocked f u e l  nozzle. 
f i l e s  would be a f fec ted  by nozzle blockage. 

An average exhaust-gas 

All pro- 

The p l o t s  of p r o f i l e  average temperatures show t h a t  those of p r o f i l e  

Peak va r i a t ions  were as much as 550' F. 
1 (shor t  r ad ius )  a r e  about 225' F higher than those of p r o f i l e  5 (long 
r a d i u s ) .  
more warpage and a l l  t ab  f a i l u r e s  occurred on t h e  short-radius s i d e .  

This may ind ica t e  why 

Figure 14  i s  a p lo t  of p r o f i l e - 1  exhaust temperatures obtained at 
f i v e  d i f f e r e n t  conditions.  The data at conditions A and C were reason- 
ab ly  symmetrical. However, t he  p ro f i l e s  ge t  progressively worse a t  con- 
d i t i o n s  F, G, and H .  For example, temperatures obtained at condition H 
var ied  from 2800' F at  20° probe-sweep l e f t  t o  1800° F a t  25' probe-sweep 
r i g h t .  
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Combustor to ta l -pressure  lo s s .  - The pressure- loss  values i n  t a b l e  
I11 are  s imi l a r  t o  those given i n  reference 3 f o r  comparable operat ing 
condi t ions.  
probably not  as important as va r i a t ions  i n  t h e  readings t h a t  can ind ica t e  
some type of l i n e r  f a i l u r e .  

For t h e  type of t e s t  reported herein,  t h e  a c t u a l  values are 

Combustion e f f i c i ency .  - Combustion e f f i c i e n c i e s  should be  approxi- 
mately 100 percent  because of t h e  high i n l e t - a i r  pressure and temperatures 
unless  t he  l i n e r  and/or t h e  p i l o t  sec t ion  were severely warped o r  de- 
stroyed. Eff ic iency ca lcu la t ions  of d a t a  obtained a t  conditions C and F 
give values of 101.3 and 101.5 percent ,  respec t ive ly .  

CONCLUSIONS 

A previous inves t iga t ion  with an experimental combustor t h a t  w a s  
operated f o r  approximately 2 0  hours a t  high i n l e t - a i r  temperatures and P 

flows common t o  supersonic engine conditions showed no major s t r u c t u r a l  
f a i l u r e ,  although four  d i f f e r e n t  t abs  holding t h e  channels t o  t h e  support 
b o l t s  f a i l e d .  Thicker tabs  o r  b e t t e r  welding of t h e  t abs  t o  t h e  support 
b o l t s  should el iminate  such f a i l u r e s .  For t h e  inves t iga t ions  reported 
here in ,  th i s  same combustor w i t h e  modified p i l o t  sec t ion  w a s  operated 
at more severe conditions by successive increases  i n  i n l e t - a i r  and 
exhaust-gas temperatures. A t o t a l  run time of 4 1  hours, 10 minutes w a s  
accumulated during t h e  inves t iga t ion .  

The s t r u c t u r a l  f a i l u r e s  encountered during t h e  t e s t  program were: 

1. Loss of t abs  holding channels t o  t h e  support b o l t s .  

a .  All t a b  lo s ses  occurred on t h e  short-radius  s ide  and, ex- 
cept for  one case, were from t h e  center  row (c i rcumferent ia l ly)  of sup- 
por t  b o l t s .  

b . The temperature p r o f i l e  p l o t s  i nd ica t e  t h a t  the  temperatures 
of t h e  short-radius  tabs  and channels were possibly,  i n  some cases ,  200° F 
higher  than t h o s e  on t h e  long-radius s i d e .  

c .  These r e s u l t s  ind ica te  t h a t  it i s  necessary t o  improve t h e  
s t r u c t u r a l  i n t e g r i t y  of t h e  t abs  o r  t h e  method of supporting t h e  channels. 

2 .  Warpage of channel members a t  poin ts  where t h e  channel cross  sec- 
t i o n  changed from a t r u e  channel cross  sec t ion  t o  a f l a t  shape. This 
change i n  shape occurred a t  t h e  "s teps"  where adjacent  p a r t s  overlapped. 

a .  This warpage occurred t o  channels on t h e  short-radius  s ide .  
I n  general, a l l  t h e  long-radius channels were i n  good condi t ion.  
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b .  A redesign of the  channels so as t o  have a longer length  of 
channel-shaped cross  sect ion would probably prevent the warpage. 

3. Warpage of t h e  p i l o t  sect ion.  

a.  The one-piece one-quarter-sector p i l o t  sec t ion  had a consider- 
able  number of broken s t ep  welds and warpage of t h e  s i d e  p ieces .  These 
caused misalinement between t h e  p i l o t  sec t ion  and t h e  channels. 

b .  A redesign of the  p i l o t  sect ion permit t ing more freedom of 
movemelit of the parts would he lp  t o  prevent warpage due t o  l o c a l  heat ing.  

The p i l o t  sec t ion  of t h i s  combustor w a s  s u b s t a n t i a l l y  f r e e  of coke 
a f t e r  severa l  hours of operation a t  a condition similar t o  in le t -condi t ion  
A (725O F ins tead  of 900° F ) .  
1400' F (2000° F exhaust-gas temperature), t h e  coke depos i t s  increased 
somewhat. 

A s  t h e  i n l e t  temperature w a s  increased t o  

However, as t h e  exhaust-gas temperature w a s  increased t o  2500° F, 
t h e  coke deposi ts  increased fa r  beyond a t o l e r a b l e  l e v e l .  
a t  these  conditions,  t he  p i l o t  sect ion would have t o  be redesigned i n  
order t o  decrease the  coke deposi ts .  

For operat ion 

Combustor to ta l -pressure- loss  and combustion-efficiency values ob- 
t a ined  were comparable with the  values reported for the previous experi-  
mental cornbustor. 

A combustor to ta l -pressure  loss ( t h i s  value not used f o r  ca lcu la-  
t i o n s )  w a s  continuously monitored during operat ion.  
t o  determine when some p a r t  of t he  l i n e r  f a i l e d .  
of a channel would cause enough change i n  pressure drop t o  be not iceable .  
However, misalinement of p a r t s  due t o  warpage had s m a l l  e f f e c t  on t h e  
pressure drop. 

This made it poss ib le  
For example, t h e  l o s s  

The combustor configu-ration described herein may be far from optimum 
insofar  as du rab i l i t y  and coking a t  the more severe operat ing conditions 
a r e  concerned. Additional development work could conceivably r & u l t  in  
s i g n i f i c a n t  improvements i n  these  performance c h a r a c t e r i s t i c s .  
t h a t  t h e  l i n e r  construction techniques employed herein (an a r t i c u l a t e d  
s t r u c t u r e  divided in to  many s m a l l  segments i n  both the  circumferent ia l  
and longi tudina l  d i rec t ions ,  with a l l  pa r t s  supported from t h e  combustor 
housing) show considerable promise. These techniques provided grea te r  
s t r u c t u r a l  s t rength  and cooler operation than f o r  l i n e r s  previoilsly used. 
This type of construction permitted operation a t  conditions t 1 . d  would 
cause f a i l u r e  of conventional-type l i ne r s  i n  a very short  period o f  
operat ion. 

Tt 'appears 

L e w i s  Research Center 
Nation'al Aeronauti c s  and Space A d y i i n i  it,r-ation 

Cleveland, Ohio, A p r i l  721, i b 1 t  0 
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In l e t - a i r  
reference 
velocity, 

f t /sec 

119 
12 3 
12 8 
132 
135 
13 9 

132 

8 
-? w 

Average exhaust- 
gas temperature, 

O F  

2000 

'\ 

2200 
2 300 
2 400 
2 500 

TABU I. - PROPERTIES OF MIL-F-5624C, 

GRADE JP-5 (NACA 56-66) FUEL 

1 G I 1200 

AS" Dist i l la t ion,  D86-52 
I n i t i a l  boi l ing point, ?I? 
Percentage evaporated, OF 

10 
30 
50 
70 
90 

Final boil ing point, ?F 
Residue, percent 
Loss, percent 

Specific gravity, 6Oo/6O0 F 
Hydrogen-carbon weight r a t i o  
Net heat of combustion, Btu/lb 
Aniline point, OF 
Freezing point, ?F 

I 17.84 

336 

G 1200 
H 
I 
J 

K 1400 

368 
389 
411 
43 8 
47 5 
512 
1.2 
0 

.a10 
,161 

18,600 
146.3 

- 50 

17.84 

16.85 

TABLE 11. - NQMIIYAI, COMBUSTOR TEST CONDITIONS 

I 

[ In l e t - a i r  t o t a l  pressure, 114.3 lb/sq in .  abs; in l e t - a i r  re f -  
erence dynamic pressure, 50 lb/sq f t .  ] 

I Test I In l e t - a i r  

A 
B 
C 
D 
E 
F 

900 
1000 
1100 
1200 
1300 
1400 

Airflow, 
lb/sec 

19.71 
19.02 
18.40 
17.84 
17.32 
16.85 

16.85 

I 

139 1 2500 
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36 

Radia l  d i s t a n c e  from t- shor t - rad ius  s i d e ,  ?:?:? :atq 1- 
i n .  

0 .58  
1.58 2 6 0  2 4 

5 

2 . 4 7  
3 .27  
4.01 --- 

( a )  Operat ing condi t ion  C ;  6 hours ,  4.5 minutes of accumulated t ime.  

M 

@3 
I+ 

h 

Probe sweep, deg Radia l  d i s t a n c e ,  i n .  

( b )  Operating condi t ion  F; 1 9  hours ,  45 minutes of accumulated t ime.  

Figure 13. - Exhaust-gas temperature p a t t e r n s  obtained a t  two d i f f e r e n t  qpera t ing  condi t ions .  
View looking downstream. 
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